Plant cells do not possess centrosomes, which serve as the microtubule organizing center in animal cells; how plant cell microtubule arrays are established and maintain their dynamics remain poorly understood [1] . The g-tubulin complex and the katanin complex play central roles in the organization of plant cortical microtubules [2] [3] [4] [5] [6] . Previously, we reported that the augmin complex recruits the g-tubulin complex to preexisting microtubules and initiates microtubule nucleation [7] . Moreover, we described how an intricate interaction between the katanin p60 subunit KTN1 and the p80 subunit KTN80 confers precise microtubule severing at either microtubule branching nucleation sites or crossovers [8] . Here, we observed that augmin preferentially localizes to microtubule crossovers. Live-cell observations and analyses revealed that, whereas a small portion of crossoverlocalized augmin complexes act to trigger nascent microtubule nucleation, the majority function in stabilizing the architecture of microtubule crossovers. Finally, genetic analyses and computational modeling confirmed that suppression of augmin activity elevates microtubule severing frequency and facilitates the formation of aligned microtubule arrays. Combined, our findings reveal an unexpected role of augmin and demonstrate that augmin antagonizes katanin-mediated microtubule severing. Furthermore, we propose a novel mechanism for how augmin determines self-organization of plant cortical microtubules by preventing microtubule severing at crossovers in addition to triggering microtubule nucleation.
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In Brief Wang et al. reveal an unexpected role of augmin in maintaining the stability of MT crossovers. They uncover a novel mechanism for how crossover-localized augmin primarily regulates selforganization of plant cortical MTs by preventing MT severing at crossovers.
Plant cells do not possess centrosomes, which serve as the microtubule organizing center in animal cells; how plant cell microtubule arrays are established and maintain their dynamics remain poorly understood [1] . The g-tubulin complex and the katanin complex play central roles in the organization of plant cortical microtubules [2] [3] [4] [5] [6] . Previously, we reported that the augmin complex recruits the g-tubulin complex to preexisting microtubules and initiates microtubule nucleation [7] . Moreover, we described how an intricate interaction between the katanin p60 subunit KTN1 and the p80 subunit KTN80 confers precise microtubule severing at either microtubule branching nucleation sites or crossovers [8] . Here, we observed that augmin preferentially localizes to microtubule crossovers. Live-cell observations and analyses revealed that, whereas a small portion of crossoverlocalized augmin complexes act to trigger nascent microtubule nucleation, the majority function in stabilizing the architecture of microtubule crossovers. Finally, genetic analyses and computational modeling confirmed that suppression of augmin activity elevates microtubule severing frequency and facilitates the formation of aligned microtubule arrays. Combined, our findings reveal an unexpected role of augmin and demonstrate that augmin antagonizes katanin-mediated microtubule severing. Furthermore, we propose a novel mechanism for how augmin determines self-organization of plant cortical microtubules by preventing microtubule severing at crossovers in addition to triggering microtubule nucleation.
RESULTS

Augmin Localizes to Microtubule Crossovers during the Formation of Plant Cortical Microtubule Arrays
Previously, we described a mechanism whereby the augmin complex controls microtubule-dependent microtubule nucleation in interphase plant cells. Augmin recruits g-tubulin complexes to preexisting microtubules and triggers nascent microtubule nucleation either in a branching or a parallel mode [7] . Interestingly, in addition to associating with single microtubules, a considerable portion (approximately onethird) of augmin particles were localized to microtubule crossovers, where they remained for various lengths of time ( Figure 1A ; Figures S1A-S1D; Video S1). Furthermore, the average time from microtubule crossovers forming to the emergence of AUG3 particles at microtubule crossovers was calculated as 37.4 s and the average AUG3 particle lifespan was 17.5 s (Figures 1B and 1C) . We monitored the dynamics of augmin complexes in live cells co-expressing AUG3-GFP and mCherry-TUB6 for the labeling of augmin and microtubules, respectively. Of 522 AUG3-GFP particles examined within six cells (examination area 3,280 mm 2 ), 32.0% were observed at microtubule crossovers ( Figures 1A and 1D ). More importantly, 37.1% of 841 microtubule crossovers observed within seven cells (examination area 4,940 mm 2 )
contained AUG3-GFP particles ( Figure 1E ). With the assumption that augmin was localized randomly along microtubules, including at crossovers, we calculated the area of microtubule crossovers and found that the theoretical ratio of microtubule crossover area to total microtubule array area is 5.5% (seven cells observed, microtubule array examination area 61,498 mm 2 ), which is significantly lower than the observed association frequency of augmin with microtubule crossovers (30.4%; Figures 1F and 1G ). In addition, we also performed a runs test (z = À5.396, p < 0.0001) that indicated a nonrandom distribution of augmin localization. Taken together, these results strongly indicated that augmin localization is preferentially at microtubule crossovers.
Microtubule-Dependent Microtubule Nucleation
Triggered by Augmin Is Suppressed at Microtubule Crossovers Because augmin is known to function in microtubule-dependent microtubule nucleation [7, 9, 10] , we observed the dynamics of augmin located at microtubule crossovers. As expected, both branching and parallel nucleation events were associated with the presence of augmin at microtubule crossovers ( during microtubule nucleation was 51.8 s ( Figure 2C ), which was significantly longer compared to that for augmin not associated with nucleation (13.8 s; Figure 2D ). However, the proportion of augmin that initiates nucleation at microtubule crossovers is only 9.7% (seven cells observed, observation area 4,940 mm 2 ), which is significantly lower than the proportion of augmin that initiates nucleation at single microtubules (49.1%, chi-square test, p < 0.0001, six cells observed, examination area 3,280 mm 2 ; Figure 2E) . Together, these results indicate that augmin shows unique features and a compromised nucleation capability at microtubule crossovers. Furthermore, these findings suggest that the majority of crossover-localized augmin does not trigger nucleation and thus may have uncharacterized functions in plant cortical microtubule organization. (B and C) Distribution of microtubule crossover duration before AUG3 particles are recruited (B) and the duration of AUG3 particle association at microtubule crossovers (C). In total, an area of 4,940 mm 2 in seven cells was examined.
(D) Proportion of augmin (magenta dots) localized at microtubule (green lines) crossovers. In total, 522 AUG3 particles in six cells were considered.
(E) Proportion of microtubule crossovers with associated augmin particles. In total, 841 microtubule crossovers in seven cells were considered.
(F) Image processing to measure the area of cortical microtubules. The microtubule arrays (right) were collected from raw confocal image sequences, and then binarized (left) using the thresholding method in ImageJ to measure the microtubule array area. The microtubule crossovers are highlighted with red dots. Scale bar, 2 mm. (G) Probability comparison for augmin localizing at microtubule crossovers. The observed proportion is calculated based on the actual ratio of AUG3 particles localized at microtubule crossovers. The ratio of microtubule crossover area to total microtubule array area, which is measured from (F), is defined as the theoretical probability. In total, an area of 4,940 mm 2 in seven cells was examined and used for calculations. Error bars indicate SD.
See also Figures S1A-S1D and Video S1.
Crossover-Localized Augmin Functions in Maintaining the Stability of Microtubule Crossovers
To further characterize the function of microtubule crossoverlocalized augmin, we monitored microtubule dynamics and the duration of microtubule crossovers. This revealed that microtubule crossovers associated with augmin persisted 96.2 s on average (Figures 3A and 3C ; Video S2), which was significantly longer than the average duration of microtubule crossovers without augmin (69.6 s; Kolmogorov-Smirnov test, p < 0.0001; Figures 3B and 3D; Video S2). Moreover, we determined that the association of augmin at a single crossover for multiple times significantly prolonged the duration of the crossover architecture (Student's t test, p < 0.0001; Figures S1E and S1F; Video S2). Given that there is still a minor proportion of augmin that leads to nucleation at microtubule crossovers, we compared the duration of microtubule crossovers with and without augmin to determine whether nucleation affects microtubule crossover stability. This revealed that the residency time of augmin landing at microtubule crossovers had no significant impact on microtubule crossover stability (Student's t test, p = 0.848; Figure S1G ). Combined, these results strongly indicate a novel function for augmin in stabilizing microtubule crossovers, which is independent of the previously characterized role of augmin in initiating microtubule nucleation.
Augmin Regulates Microtubule Organization by Antagonizing Katanin-Mediated Severing at Microtubule Crossovers
Katanin-mediated severing has a key impact on the stability of microtubule crossovers [4] and plays a central role during the reorganization of plant cortical microtubules [3, 11] . We observed that 52.7% of katanin complexes were specifically recruited to (E) Comparison of augmin (magenta dots)-associated microtubule (green lines) nucleation at single microtubules and at microtubule crossovers. 1,214 events in six and seven cells, respectively, were quantified and used to calculate percentages. The microtubule nucleation events are incorporated into both branching and parallel nucleation. See also Video S1.
microtubule crossovers and triggered precise microtubule severing ( Figures S2A and S2B ). We also detected co-expression of AUG3 and KTN1 ( Figure S2C ), thus prompting further investigation into the relationship between augmin and katanin. In our previous reports, biochemical assays did not show co-precipitation of katanin and augmin, suggesting that there is not a strong physical interaction between augmin and katanin [8] . Therefore, we speculated that augmin may antagonize katanin activity at microtubule crossovers. To confirm this, we analyzed the localization of KTN80.3-RFP (red fluorescent protein) and AUG3-GFP following their co-expression, which demonstrated clear incompatibility between augmin and katanin particles ( Figure S2D ), thus further confirming their lack of physical interaction. Interestingly, we observed at select sites that KTN80.3 particles appear just after AUG3 particles disappear ( Figure S2E ). We propose that augmin particles occupy microtubule crossovers and prevent the association and severing activity of katanin at these sites. However, we were unable to overcome technical difficulties using an augmin/katanin/microtubule-labeled system in live cells to observe such an excluding effect of augmin on katanin particles. Thus, we tested this hypothesis using augmin-knockdown lines. In the resulting artificial microRNA (amiR)-AUG6 cells, we observed a significantly higher microtubule severing frequency and a greater proportion of aligned microtubule arrays (Figures 4A and 4B; Video S3). Increased microtubule severing is known to promote the alignment of microtubule arrays [3] . However, decreased microtubule nucleation frequency and nucleation angles may also contribute to the increased formation of aligned microtubule arrays in amiR-AUG6 cells [7, 12, 13] . Therefore, to dissect the contribution of katanin and augmin in this process, we performed computational simulations using the cortical microtubule simulation platform CorticalSim, which permitted analysis of microtubule array organization under different hypothetical conditions [14, 15] . These computational simulations revealed that, compared to the fine-network microtubule architectures observed in control (wild-type background) and severing-defective (mimicking the ktn1 background) conditions, suppressed nucleation and decreased nucleation angle while maintaining normal severing frequency promoted the formation of aligned microtubule arrays, but not to the extent observed in amiR-AUG6 cells (Figures 4A-4C ; Figure S3 ; Video S4). Remarkably, simulated conditions of increased severing frequency combined with suppressed nucleation and decreased nucleation angle resulted in aligned microtubule arrays that were comparable to those observed in amiR-AUG6 cells (Figures 4A-4C ; Figure S3 ; Video S4). These results strongly indicate that crossover-localized augmin functions to antagonize katanin-mediated severing during plant cortical microtubule reorganization ( Figure 4D, model) . Collectively, our results indicate a novel role for augmin in preventing the severing activity of katanin at microtubule crossovers. This additional role of augmin, together with its nucleation function, contributes to the control of dynamic organization of plant cortical microtubule arrays.
DISCUSSION
Microtubule nucleation and severing are the two most important aspects of microtubule organization in eukaryotic cells during development and environmental adaption [1, 16, 17] . In particular, microtubule nucleation and severing have been well characterized by live-cell imaging that examined unique features of plant cortical microtubule arrays [4, 13, 18] . Augmin is known to recruit g-tubulin complexes to preexisting microtubules, and triggers microtubuledependent microtubule nucleation. Katanin plays a central role in the formation of aligned microtubule arrays by precise severing activity at microtubule crossovers [19] . In this study, we demonstrated that a large proportion of augmin was specifically located at microtubule crossovers. Further investigations revealed the mechanism by which augmin determines self-organization of plant cortical microtubules via antagonizing katanin-mediated severing at crossovers in addition to its role in triggering nucleation. Using computational simulations combined with genetic analysis and live-cell imaging, we clarified the function of crossover-localized augmin in regulating the dynamic organization of plant cortical microtubule arrays. We dissected the roles of augmin in both nucleation and maintenance of microtubule crossovers, two functions that synergistically maintain the architecture of net-like microtubule arrays in wild-type epidermal pavement cells. Conversely, compromised augmin function leads to suppressed nucleation and decreased nucleation angle, in agreement with the role of augmin in nucleation, and also elevated severing frequency, which is associated with the role of crossover-localized augmin in preventing microtubule severing. Thus, a lack of augmin in amiR-AUG6 pavement cells leads to the alignment of microtubule arrays, which contrasts with the fine network seen in the wild-type. Furthermore, we observed that crossover-localized augmin plays roles in prolonging the duration of microtubule crossovers in hypocotyl epidermal cells as well (see Figure S4) . However, intriguingly, duration times of microtubule crossovers (both without and with augmin association) in hypocotyl epidermal cells are shorter than that in epidermal pavement cells (see Figure S4 ), suggesting the highly dynamic feature of microtubule arrays in rapidly growing hypocotyls in contrast to relatively stable microtubule networks in epidermal cells. Therefore, precise regulation of microtubule crossover stability in different cell types as well as in dynamic microtubule remodeling would be an intriguing project in the future. Plant cortical microtubules exhibit 2-dimensional arrays that are tightly bound to the plasma membrane [20] . During the formation of microtubule crossovers, the crossing microtubules therefore need to detach from the membrane and bend over the underlying microtubules, and thus certain defects may occur at microtubule crossover sites [21] . These defects are most likely recognized by katanin, as suggested in previous reports [22] . On the other hand, recent studies confirmed that lattice defects occur more frequently at microtubule crossovers, and further proposed a self-repair mechanism by which the stress-induced lattice damage was repaired by the incorporation of new dimers of tubulin to prevent severe microtubule defects [23] . Most likely, the microtubule nucleation machinery including augmin and the g-tubulin complex may be involved in this process via a yet unknown mechanism to participate in the repair of stress-induced microtubule lattice damage [24, 25] . When repair is not complete, it is possible that katanin recognizes damaged lattice at crossovers and provides severing activity [22] . Another possibility is that the presence of augmin at microtubule crossovers may exclude simultaneous association with katanin. A previous study revealed that Spiral2 is localized to and moves along the length of microtubules but accumulates at crossover sites, where it prevents katanin-mediated microtubule severing in petiole epidermal cells [26] . Most recently, two independent studies reported that Spiral2 localizes and stabilizes minus ends of microtubules in both Arabidopsis and the moss Physcomitrella patens [27, 28] . In Arabidopsis hypocotyl epidermal cells, minus-end-localized Spiral2 prolongs the duration of microtubule crossovers by reducing minus-end loss and thus promotes katanin-mediated severing by increasing the likelihood of severing at crossovers [27] . Unlike Spiral2, augmin anchors at microtubules preferentially at crossover sites and does not move along microtubules. Therefore, the prevention of katanin-mediated microtubule severing by augmin is most likely via a different mechanism from that of Spiral2. Both hypotheses are supported by our data showing that augmin and katanin are not simultaneously localized at microtubule crossovers and do not co-precipitate in affinity purification and mass spectrometry analyses. However, the fact that different augmin-association durations did not significantly impact microtubule crossover stability favors the first hypothesis that augmin recognizes and repairs damaged lattice at crossovers. Therefore, future work should clarify how augmin is specifically recruited to microtubule crossovers and whether augmin can recognize lattice defects and facilitate repair at microtubule crossovers.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Plant materials and growth conditions Arabidopsis thaliana Columbia-0 ecotype was used as genetic background in this study. Growth conditions and transformation procedures were as described previously [7] . Plants were grown under a 16-h-light and 8-h-dark cycle with 70% relative humidity at 22 C. The standard floral dipping method was used for plant transformation. The first or second true leaves in the seedlings (two-week-old) on soil were used for live cell imaging.
Production of transgenic marker lines
To detect the localization of augmin and katanin at microtubule crossovers, we used the AUG3/6/7-GFP and mCherry-TUB6 dualmarker lines, and the GFP-KTN1 and mCherry-TUB6 co-expressing line, which were generated in our previous studies [7, 8, 30] . The amiR-AUG6 lines co-expressed with the GFP-TUB6 marker, which were generated in the previous study [7] , were used to detect the severing frequency. To obtain transgenic Arabidopsis lines expressing fluorescent markers for both augmin and katanin complexes, we introduced AUG3-GFP driven by its native promoter [29] , into the KTN80.3-TagRFP line [8] , which were used to examine the colocalization pattern between AUG3 particles and KTN80.3 particles.
METHOD DETAILS Spinning Disc Confocal Microscopy
Live cell imaging was carried out with a spinning disk confocal microscope (UltraView Vox, PerkinElmer) equipped with the Yokogawa Nipkow CSU-X1 spinning disk scanner Hamamatsu EMCCD 9100-13, Nikon TiE inverted microscope with the Perfect Focus System, as described previously [7] . GFP was excited at 488 nm, and mCherry, TagRFP were excited at 561 nm. A 100X Plan Apo oil immersion TIRF objective (NA = 1.49) with the Magnification Changer 1.5X was used for most image acquisition
Image processing
Images were obtained every 5 s during the course of 300 s, and converted into 8-bit TIFF file stacks using Volocity (PerkinElmer). The background was subtracted using the rolling ball method in ImageJ (http://rsbweb.nih.gov/ij) and a mean filter was applied for noise reduction as well. The walking average plugin (http://valelab.ucsf.edu/$nstuurman/IJplugins/Running_ZProjector.html) was used to reduce the noise in time-lapse series. A ''freehand selection'' tool and the ''threshold'' method in imageJ were used to generate binary images. Processed image stacks were used for assessing the relationship between Augmin localization and microtubule crossovers. REAGENT The dwelling time of AUG3-GFP and GFP-KTN1 particles and the duration time of microtubule crossovers were also calculated manually using MetaMorph (Molecular Devices, Sunnyvale, CA, USA).
Randomness Test
To estimate the probability of augmin which randomly localizes at microtubule crossovers, the ratio of the area of microtubule crossovers to the total area of microtubules was calculated as a theoretical probability.
P = S MT crossovers ,N MT crossovers S MT arrays
S MT crossovers , the average area for single microtubule crossover, was calculated by tracking hundreds of microtubule crossovers with freehand selection tool in imageJ. N MT crossovers stands for the counts of microtubule crossovers and S MT arrays , the area of microtubule arrays, was obtained from binary images of microtubules in ImageJ, using the measure command. Over 140 images from seven cells were examined. The actual proportion of augmin which were observed to localize at microtubule crossovers was calculated according to observed events, which is regarded as the actual probability for augmin localizing at microtubule crossovers. The identical cell regions of microtubule arrays were used to estimate the theoretical probability ( Figures 1F and 1G ).
In addition, we use a Runs Test to verify the randomness for distribution of the localization of augmins. The event of augmin landing at single microtubules was defined as ''zero runs'' and the event of augmin landing at microtubule crossovers was defined as ''one run.'' The Runs test was performed in SPSS Statistics (version 19, IBM).
Equilibrium binding model
To elucidate the relationship between the probability of augmin recruited to microtubule crossovers, and the proportion of microtubule crossovers associated with augmin, we focused on various factors which may affect the proportion of microtubule crossovers associated with augmin. To simplify their binding process, we assumed that each augmin complex may bind at a microtubule crossover with a constant probability, P. Considering the total number of augmin, N Augmin , we can obtain the total number of augmin landing at microtubule crossovers as:
In a dynamic stable microtubule array, we assumed that the number of crossovers in unit area is constant, n crossovers . And the average life time of microtubule crossovers is defined as t. Observing microtubule arrays in an certain area, S, for a certain time, T, the total microtubule crossovers at each time point can be expressed as:
Under this situation, we assumed that each microtubule crossovers could be occupied by augmin with comparable possibility along their lifetime. And the binding process can be considered as Bernoulli experiment and followed Bernoulli distribution. Hence, the expectation for these microtubule crossovers occupied with augmin can be regarded as:
Thus, the proportion of microtubule crossovers associated with augmin can be considered as:
Substituting all the equations above:
Since during the observation, the total area, S, the observation time, T, the number of crossovers in unit area, n crossover , and the total number of augmin, N Augmin , are taken as constant, we can use some coefficients instead:
Finally, we can describe the proportion of microtubule crossovers associated with augmin, with the function W = f (t, P). When the P, probability of augmin landing at microtubule crossovers, or the t, average time for microtubule crossover duration, are increasing, the final proportion of microtubule crossovers associated with augmin, W, will be increased. This deduction has been verified by our observation in hypocotyl cells (see Figure S4 ).
Simulation of microtubule arrays
For simulation of microtubule arrays under various conditions, CorticalSim (version 1.26.1) was used [14, 15] . In general, the default parameters were treated as inputs to generate microtubule arrays. In brief, microtubule growth was set at 0. Figure 4C) . Accordingly, the S 2 values corresponding with these microtubule arrays, which indicated the order of microtubules, were taken into count as well (See below).
Quantification of features of microtubule arrays
To quantify the degree of alignment of microtubule arrays after each simulation, the order parameter S 2 , also generated from CorticalSim, was employed. It takes values between 0, for a perfectly isotropic microtubule array and 1, for a system in which all microtubules are aligned [14] . The S 2 values were measured with a 300 s interval across the simulation process. And all 36 time points from 30 hr to 33 hr during the simulation were taking into count (see Figure S3A) . To compare the microtubule arrays from different simulation cases, as well as in amiR-AUG6 cells, we measured their microtubule angles. In our study, the microtubule angle was defined as the intersection angle between the positive direction of the horizon axis and the extended line of each microtubule in a counter-clockwise direction. Every microtubule in the cortical arrays was tracked by hand with the line tool in MetaMorph. Ten images, coming from each simulation and amiR-AUG6 cells, respectively, were taking into count (see Figures S3B-S3G ). 
QUANTIFICATION AND STATISTICAL ANALYSIS
DATA AND SOFTWARE AVAILABILITY
The example script for computational simulation with CorticlaSim has been uploaded to Mendeley Data at https://dx.doi.org/10. 17632/nz7mgftd4y.1.
